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ABSTRACT
The transit method is biased toward short orbital period planets that are interior to their host star’s
Habitable Zone (HZ). These planets are particularly interesting from the perspective of exploring
runaway greenhouse scenarios and the possibility of potential Venus analogs. Here, we conduct an
analysis of predicted TESS planet yield estimates produced by Huang et al. (2018), as well as the
TESS Object of Interest (TOI) list resulting from the observations of sectors 1–13 during Cycle 1 of
the TESS primary mission. In our analysis we consider potential terrestrial planets that lie within
their host star’s Venus Zone (Kane et al. 2014). These requirements are then applied to a predicted
planetary yield from the TESS primary mission (Huang et al. 2018) and the TOI list, which results in
an estimated 259 Venus analogs by the end of the TESS primary mission, and 46 Venus analogs in the
TOI list for sectors 1–13. We also calculate the estimated transmission spectroscopy signal-to-noise
ratio (S/N) for Venus analogs from the predicted yield and TOI list if they were to be observed by
the Near-Infrared Imager and Slitless Spectrograph (NIRISS) on the James Webb Space Telescope
(JWST), as well as update the S/N cutoff values determined by Kempton et al. (2018). Our findings
show that the best estimated Venus analogs and TOI Venus analogs with Rp < 1.5R have an
estimated transmission spectroscopy S/N > 40 while planets with radii 2R⊕ < Rp < 4R⊕ can achieve
S/N > 100.
Keywords: astrobiology – planetary systems – planets and satellites: individual (Venus)
1. INTRODUCTION
The Transiting Exoplanet Survey Satellite (TESS) is
currently observing our nearest and brightest stellar
neighbors in search of transiting exoplanets, and will
have observed several hundred thousand stars within the
F5–M5 spectral type range by the end of its primary mis-
sion (Ricker et al. 2015). For a given stellar flux, planets
orbiting M dwarfs will have the highest transit probabil-
ity, making them prime targets for TESS. Furthermore,
their cool temperatures result in compact Habitable
Zones (HZ), such as that of the TRAPPIST-1 system
(Gillon et al. 2017). Although M dwarfs yield advan-
tages in terms of transit detection probability, their high
levels of activity can create difficulties when attempt-
ing to observe planetary atmospheres (Kislyakova et al.
2019), and may catalyze atmospheric erosion (Lingam &
Loeb 2018; Zendejas et al. 2010; Airapetian et al. 2017).
The severity of atmospheric erosion that can be caused
by M-type stars has yet to be observed, but TESS will
costb001@ucr.edu
provide many candidates that will allow insight into the
conditions in which atmospheres are rapidly desiccated.
The main goal of the TESS mission is not to aid the
analysis of planet distributions or occurrence rates in our
galactic neighborhood, but to discover planets amenable
to follow up observations (Ricker et al. 2015). Follow up
transit and radial velocity (RV) observations will help to
constrain the orbital ephemerides of these objects, which
is crucial in the planning of future observations (Kane
et al. 2009). RV data also provide mass measurements
which are needed to constrain the temperature-pressure
profiles of a planet’s atmosphere, along with its average
density.
Here we are especially interested in the possibility
of follow-up observations of planetary atmospheres via
transmission spectroscopy using the Near InfraRed Im-
ager and Slitless Spectrograph (NIRISS) instrument
equipped to the James Webb Space Telescope (JWST).
NIRISS is expected to be the work-horse for atmospheric
characterization (Stevenson et al. 2016). The bandpass
of the NIRISS instrument has a range of 1–2.5 microns,
but can be used in tandem with the Near Infrared Cam-
era (NIRCam) and the Mid-Infrared Instrument (MIRI)
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to obtain wider spectral coverage. Extensive work has
been done in estimating how well we can expect JWST
to perform when used to characterize exoplanet atmo-
spheres (Barstow et al. 2015; Batalha & Line 2017; Be-
ichman et al. 2014; Belu et al. 2011; Clampin 2011;
Crouzet et al. 2017; Deming et al. 2009; Greene et al.
2016; Howe et al. 2017; Louie et al. 2018; Mollie`re et al.
2017). It has been shown that NIRISS alone is expected
to be capable of constraining a variety of atmospheric
parameters: H2O mixing ratios, the lower limit for at-
mospheric pressure at the highest cloud altitude within
an uncertainty of 1.7 dex, as well as detect the pres-
ence of, and in some situations the mixing ratio of CO,
CO2, and CH4 (Greene et al. 2016). These measure-
ments are all possible with one transit, and uncertain-
ties will decrease with each observed transit. However,
similar to what has been observed with observations of
atmospheres using the Hubble Space Telescope (HST),
these measurements become much more arduous when
cloud cover is included (Croll et al. 2011; Kreidberg
et al. 2016). This causes the uncertainties for measure-
ments to rise, but should not impede the ability to con-
strain molecular mixing ratios, carbon-to-oxygen ratio,
[Fe/H], and temperature–pressure (T-P) profiles, espe-
cially when utilizing the full spectral coverage of JWST
(Greene et al. 2016).
Several estimates of the planets TESS will discover
(TESS yields) have been published. One of the more
widely accepted predicted yields has been produced by
Sullivan et al. (2015) (the ”Sullivan yield”), which uses
an artificial group of stars in tandem with planetary
occurrence rates derived from Kepler (Dressing & Char-
bonneau 2015; Fressin et al. 2013). However, discrep-
ancies in the stellar and planetary occurrence rates im-
plemented by Sullivan et al. (2015) have been discov-
ered (Ballard 2019; Barclay et al. 2018; Bouma et al.
2017; Huang et al. 2018), which affect the accuracy of
the yield. In this work we adopt the yield produced by
Huang et al. (2018) (the ”Huang yield”), as it utilizes
stars from the TESS Input Catalog (TIC) (Stassun et al.
2018) for its stellar population, as well as updated infor-
mation on TESS predicted systematic noise levels and
multi-planet system occurrence rates.
Due to the intrinsic sensitivity of transit detection,
it is anticipated that the planets discovered by TESS
will yield orbits that place them either within or inte-
rior to their respective stars HZ. The planets interior to
their HZ have the potential to lie within the confines
of the Venus zone (VZ) (Kane et al. 2014). The VZ is
the region between the Runaway Greenhouse boundary
defined by Kopparapu et al. (2013), and the distance
from a star where the planet would receive 25 times the
stellar flux received by the Earth. Characterization of
planets within the VZ will lead to clarity of the habit-
ability dichotomy we observe between Earth and Venus
(Kane et al. 2019). Inferences of these planets’ climates
can be made by applying observed atmospheric abun-
dances from JWST observations into 3-D general cir-
culation models (GCM), similar to work by Way et al.
(2016). Better understanding of climates that can exist
within the VZ will help constrain the Runaway Green-
house boundary, and parameters which caused the di-
vergence in habitability between Earth and Venus. In
this work, we provide the results of an extensive analy-
sis of the Huang et al. (2018) predicted TESS yield. In
Section 2 we explain our selection of the Huang yield,
compare its results to that of the Sullivan yield, and
define the Transmission Spectroscopy Metric. In Sec-
tion 3 we calculate the VZ for all stars within the Huang
yield and predict the total number of Venus analogs that
TESS will find. In Section 4 we apply the TSM to our
adopted yield to obtain S/N values we can expect to
see when attempting to characterize the planetary at-
mospheres of the Huang yield with the JWST NIRISS
instrument, as was done by Kempton et al. (2018) with
the Sullivan yield. This is used to create updated S/N
cutoff values to be used to prioritize which discovered
planets are the best candidates for transmission spec-
troscopy follow up. We provide concluding remarks and
prospects for future work in Section 5.
2. METHODS
2.1. TESS Yield Selection
There are several predicted TESS yields that have
been published, each with their own unique additions
and modifications (Barclay et al. 2018; Bouma et al.
2017; Huang et al. 2018; Sullivan et al. 2015). Sullivan
et al. (2015) has set the precedent for estimating plane-
tary yields, and has been widely accepted and used by
the TESS community. However, errors have been un-
covered in this yield which affect the planet population
it produces. More recent yields have since been pro-
duced that account for these errors (Barclay et al. 2018;
Bouma et al. 2017; Huang et al. 2018), of which all have
slight differences. We adopt the yield of Huang et al.
(2018) for this work as it contains a number of updates:
a refined photometric noise model which lowers the pre-
dicted systematic noise floor of TESS to 40 ppm, accu-
rate stellar parameters acquired using GAIA DR2 data
(Andrae et al. 2018) and the TIC, and refined multi-
planet system estimates (Ballard & Johnson 2016; Zhu
et al. 2018). A more in depth analysis of these updates
and additional adjustments that were made can be found
in the literature.
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Figure 1. A comparison of the Sullivan et al. (2015), Huang et al. (2018), and Barclay et al. (2018) yields. A: The semi-major
axis distributions of the three yields. All planets are considered to have circular orbits. B: The range of planetary radii produced
by each yield. C: The differences in planetary equilibrium temperature assuming zero albedo and full heat redistribution. D:
Apparent J-band magnitudes for all yields.
To illustrate how the updated information creates dif-
ferences in the yield produced, we have compared 4 sig-
nificant stellar and planetary parameters of the Huang,
Sullivan, and Barclay yields (Figure 1). The Huang yield
predicts the majority of planets from the TESS mis-
sion to have semi-major axes within 0.05 AU, whereas
the Sullivan and Barclay yields predicts a more uniform
distribution of semi major axes which stretches out to
0.3 AU (Figure 1A). All yields show similarities in their
estimates on the distribution of planetary radii (Fig-
ure 1B), while slight discrepancy in predicted J-band
magnitudes can be seen as the Barclay yield is centered
on brighter stars (Figure 1D). Resulting from the dis-
crepancy in semi-major axes, the Huang yield boasts
a higher density of planets with high equilibrium tem-
peratures (Figure 1C). As will be discussed in coming
sections, these differences in orbital radii and planetary
equilibrium temperature will lead to much larger esti-
mated S/N values for the Huang yield when compared to
S/N values calculated by Kempton et al. (2018) for the
Sullivan yield. It should be noted that there is a large
disparity between the Barclay yield, and Huang and Sul-
livan yields when it comes to the total amount of planets
expected to be found. The Huang and Sullivan yields
predict that target pixels in the TESS primary mission
will find a total of 1799 and 1984 planets, respectively.
While the Barclay yield predicts a total of 1293 planets.
This discrepancy in total planets discovered affects the
differences in distributions shown in Figure 1, as well as
the difference in Venus analogs predicted, as explained
in a following section.
2.2. Transmission Spectroscopy Metric
Models of the prospected performance of JWST have
been applied to estimates of TESS yield to estimate the
S/N that can be achieved through transmission spec-
troscopy (Louie et al. 2018). But the time that is needed
to run these models can be substantial, and is imprac-
tical when attempting to be timely in comparing the
S/N values of a large set of planets. To expedite this
process, Kempton et al. (2018) developed a transmis-
sion spectroscopy metric (TSM) which allows one to
produce values proportional to the S/N of the spectral
features observed during a 10 hour observing run using
the NIRISS on JWST. (Louie et al. 2018):
TSM = (Scale Factor)× R
3
p Teq
MpR2?
× 10−mJ/5 (1)
where Teq is the planetary equilibrium temperature, mJ
is the host star’s apparent J-band magnitude; Rp and
Mp are the radius and mass of the planet in units of
Earth radii and Earth masses, respectively; and R? is
the radius of the star in solar radii. The scale factor
is needed to allow the calculated TSM value to have a
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1:1 ratio with the simulated NIRISS S/N produced by
Louie et al. (2018), and differs based on the radius of
the planet.
For the sake of simplicity, the mean molecular weights
of the planets’ atmospheres are assumed based on the
planetary radius. Whereas for planets with radius Rp <
1.5R⊕, a mean molecular weight of µ = 18 (in units of
proton mass), giving these planets have a steam domi-
nant atmosphere. For planets with Rp > 1.5R⊕, a hy-
drogen dominated atmosphere is assumed by using a
mean molecular weight of µ = 2.3. Other assumptions
that have been made are that all atmospheres are cloud
free, and that the masses of the planets can be accurately
determined from an empirical mass-radius relationship
(Chen & Kipping 2017).
2.3. Stellar Relationships
A problem was encountered when trying to apply the
TSM equation to the Huang yield, as the data pro-
duced from their simulation included only the appar-
ent TESS-band (T-band) magnitude of the host star,
whereas the apparent J-band magnitude is needed for
Equation 1. To surpass this, we gathered both J- and T-
band magnitudes for ∼45,500 stars on the TESS Candi-
date Target List (CTL) available on the MAST website
(https://mast.stsci.edu), and developed a linear rela-
tionship between the two. This specific amount of stars
resulted from requiring that the uncertainty in T- and J-
band magnitude be less than 0.018, in order to increase
the precision of our derived relationship. To better the
quality of the fit, it was necessary to create separate
relationships based on five luminosity ranges, which in
combination cover the entire range of stellar luminosi-
ties observed in the Huang yield (Figure 2). Using these
relationships we converted the provided T-band magni-
tudes to the required J-band and were able to determine
the TSM values for the entire yield.
This study also requires the calculation of the Run-
away Greenhouse boundary with respect to stellar tem-
perature and orbital semi-major axis. The equation for
the HZ boundary as defined by Kopparapu et al. (2013)
is expressed as follows:
d =
(
L?/L
Seff
)0.5
AU (2)
where L? is the luminosity of the host star, L is the
luminosity of the sun, and Seff is incident stellar flux
which has specified values for each HZ boundary. Per-
forming this calculation thus requires an estimate of
the stellar luminosity based upon the Teff values pro-
vided. There are numerous relationships between main
sequence stellar parameters (e.g., Boyajian et al. 2012;
Eker et al. 2015) but relatively few empirically derived
relationships between L? and Teff that may be applied
across a broad range of stars. To resolve this we de-
veloped a relationship between stellar mass (M?) and
effective temperature using MESA stellar isochrones
available on the MIST website (http://waps.cfa.harvard.
edu/MIST/). We fit a 5th degree polynomial of the
form f(x) = ax5 + bx4 + cx3 + dx2 + ex+ f , with coeffi-
cients a = −3.16669290×10−17, b = 7.35506985×10−13,
c = −6.70248885 × 10−9, d = 2.98676177 × 10−5,
e = −6.46102582 × 10−2, and f = 54.2221352. There
are range of Teff values that are associated with a single
main sequence stellar mass, spanning a range of up to
800 K depending on age and metallicity. We assumed
a stellar age of ∼4 Gyr, based on 4 Gyr being a typi-
cal age for field stars where ages have been determined
via asteroseismic and rotation period techniques (van
Saders et al. 2016). We also assumed an average extinc-
tion of zero for all stars, since primary TESS targets are
relatively close, and [Fe/H] values in the range -0.1142–
0.0142 dex, to cover a relatively large range of metallic-
ities while avoiding large variations in effective temper-
ature. The polynomial fit to these data described above
allowed us to use stellar effective temperature to esti-
mate mass, from which mass-luminosity relationships
can be used to determine the luminosity. By combining
the derived polynomial with Equation 2, the distance
to the HZ boundaries is then solely dependent on Teff ,
allowing us to plot the outer boundary of the VZ shown
in Figure 3. Note that this derived relationship is only
used to determine the VZ boundaries and not for ex-
tracting stellar parameters for the stars included in this
study.
2.4. Defining Venus Analogs and the Venus Zone
Much work has been done in estimating the radius
value where we would expect planets to transition from
terrestrial to gaseous (Chen & Kipping 2017; Lopez &
Fortney 2014; Rogers 2015), all of which agree that the
upper limit of the terrestrial regime can be found around
∼ 1.75R⊕. Considering that we do not want to exclude
any terrestrial planets in our estimates, we require all
planets to be considered Venus analogs to have a radius
Rp < 2.5R⊕. This large upper bound in radius serves
as a buffer which accounts for uncertainty of measure-
ments. This is especially important for planets orbiting
dimmer stars as the small amount of flux we receive
from them will result in large uncertainties in the stellar
radii, which directly translates to uncertainties in plane-
tary radii. This buffer will result in the inclusion of some
sub-Neptune planets in our Venus analog yield, but will
assure that no terrestrial planets are excluded.
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Figure 2. The apparent T- and J-band magnitude relationship for each luminosity bin (A = 0.013 L to 0.13 L, B = 0.13 L
to 1.30 L, C = 1.30 L to 13.0 L, D = 13.0 L to 130 L, and E = 130 L to 130000 L). Each fit’s associated goodness
of fit value and linear equation with best fit parameters are shown. Error bars associated with the data are included.
The second requirement in our definition of a Venus
analog is that the planet has sufficient insolation flux to
place it within the boundaries of the VZ (Kane et al.
2014). The inner boundary of the VZ is located where
a planet would receive flux from its host star equal to
25× the flux received by Earth. This specific amount
of flux is used since it is the same amount of flux that
would place Venus on the cosmic shoreline, which is the
tipping point of where Venus would start to experience
severe atmospheric loss (Zahnle & Catling 2017). The
outer boundary is the Runaway Greenhouse boundary
defined by Kopparapu et al. (2013), where the flux re-
ceived would cause surface water on an Earth-like planet
to be completely evaporated. This increase in H2O in
the atmosphere decreases the amount of outgoing in-
frared radiation, which triggers severe climate warming.
Considering the definitions of the two boundaries, we
expect planets in the VZ to lack surface water but still
have a considerable atmosphere. It should be noted that
these boundaries only take into consideration the effect
of incident stellar flux on the planet, however there are
many other effects to consider when inferring a planet’s
climate (e.g. tidal heating, rotation rate, magnetic field,
etc.). The purpose of defining Venus analogs in this work
is not an attempt to define which planets are completely
analogous to Venus, but instead as a target selection tool
for planets who would be prime candidates for follow up
observations that would allow us to test the hypothesis
of the VZ.
3. RESULTS
3.1. Expected Yield of Exo-Venuses
In applying our conditions for what we define to be a
Venus analog, we find that the Huang yield predicts that
TESS will discover 259 planets with radius Rp < 2.5R⊕,
and sufficient stellar flux to be placed in the VZ (Fig-
ure 3). This number derives only from the predicted
planetary yield from TESS 2-minute cadence using tar-
get pixels, making this a lower bound estimate as it does
not account for the planets discovered from full-frame
images (FFI) or the extended missions currently being
planned. For further predictions on the outputs of the
TESS extended missions, we refer the reader to Bouma
et al. (2017) and Huang et al. (2018). We also applied
our definition of a Venus analog to the TESS Object
of Interest (TOI) list containing data from the observa-
tions of sectors 1–13, which produced 46 Venus analogs
(Figure 3). It is important to note that the TOI’s have
yet to be confirmed as actual planets, and until follow
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Figure 3. Huang et al. (2018) planets and TOI planets with radii less than 2.5 R⊕ with respect to the VZ (grey). The solar
system terrestrial planets are also shown as a reference.
up observations can verify their presence, our estimate
of Venus analogs in the TOI list is tentative.
To get a better idea on the full range of planet demo-
graphics we expect to find in relation to the VZ, Figure 4
includes planets from the TOI list and Huang yield of all
radii in respect to the VZ. It can be seen that majority of
the planets predicted by the Huang yield lie interior to
the VZ, many of which are in the super-Earth and sub-
Neptune range, creating opportunities to statistically
fortify the theoretical boundary between terrestrial and
gaseous planets (Chen & Kipping 2017; Lopez & Fort-
ney 2014; Rogers 2015). There is also a several planets
that lie near the VZ boundaries, which could provide
an opportunity to test the hypotheses from which these
boundaries were conceived.
3.2. TSM Values
The purpose of determining the TSM values for plan-
ets is to obtain an estimate as to how well we would be
able to resolve a planet’s atmospheric composition using
the NIRISS instrument on JWST (Kempton et al. 2018).
Figure 5 displays the distribution of TSM values we can
expect to find for Venus analogs from the TOI list and
Huang yield. The decrease in TSM values for planetary
radii < 1.5R⊕ is due to the assumptions regarding the
atmospheric compositions, outlined below. One can see
that there are several planets from the Huang yield and
TOI list with estimated S/N > 20, while it’s also ob-
served that there is a significant number of planets with
S/N > 60. However many of planets with S/N > 60
have radii which place them near or beyond the theo-
retical terrestrial boundary. It is important to note that
these values would only be relevant for planetary atmo-
spheres that have significant absorption of photons in
the near infrared, since they reflect the expected per-
formance of the NIRISS instrument whose bandpass is
1–2.5 microns. The high expected S/N for observa-
tions of these planet’s atmospheres increases the likeli-
hood of observing the absorption features of prominent
molecules. However, a significant caveat is that these
values are for clear atmospheres with minimal clouds. If
the planets we hope to observe are true Venus analogs,
then opacity due to clouds will hinder our ability to peer
deep into their atmospheres, and the observed S/N will
not reflect the estimated S/N. Instead we would only be
able probe the uppermost layers of the atmospheres, re-
sulting in the need to extrapolate the constituents and
abundances of the rest of the atmosphere.
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With the inevitable high level of competition for
JWST observing time once it is launched, it is necessary
to create a S/N cutoff value to designate the best can-
didates for atmospheric observations. As postulated by
Kempton et al. (2018), 300 candidates from the TESS
mission with radii less than 10R⊕ would create a di-
verse sample to provide evidence for unconfirmed the-
ories in planetary science. To obtain this sample we
chose 70, 100, 100, and 30 planets with the highest TSM
values for the Rp < 1.5R⊕, 1.5R⊕ < Rp < 2.75R⊕,
2.75R⊕ < Rp < 4R⊕, and 4R⊕ < Rp < 10R⊕ radius
bins, respectively. This makes the cutoff value for each
radius bin the lowest TSM value in that bin (Table 1).
These values are solely an update to the TSM cutoff val-
ues derived from the Sullivan yield, previously done by
Kempton et al. (2018).
3.3. Yield Degeneracy
The results discussed in Section 3.1 show that the TOI
list for the first 13 sectors of the TESS primary mission
contain 46 Venus analogs, which is significantly less than
the 259 predicted by the Huang yield. A possible reason
for this is a relatively conservative approach adopted by
the TESS pipeline and vetting procedure designed to
minimize false positives in the TOI yield. Therefore,
we can expect an increase in the amount of planets dis-
covered by TESS after there has been sufficient time
for the community to conduct further analysis of TESS
data and for the vetting process to be optimized. This is
especially relevant for the Huang yield since it predicts
that TESS will be finding a multitude of planets around
faint stars with TESS magnitudes in the range 12–15.
Furthermore, the Huang yield has so far overestimated
the amount of planets with radii less than 4R⊕. Fig-
ure 6 illustrates this discrepancy as it can be seen that
the Huang yield underestimates the number of planets
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Radius Bin Rp < 1.5R⊕ 1.5R⊕ < Rp < 2.75R⊕ 2.75R⊕ < Rp < 4R⊕ 4R⊕ < Rp < 10R⊕
S/N Cutoff 18 176 155 71
Planets Above Cutoff 70 100 100 30
Total Planets in Bin 217 988 490 41
Table 1. Cutoff values for each radius bin which would create a statistical sample of 300 planets from TESS target pixel
discoveries in its primary mission
with radii larger than 4R⊕ that have been found in sec-
tors 1–13.
4. DISCUSSION
In this work we have conducted an analysis of both a
simulated planet population generated by Huang et al.
(2018) and the Cycle 1 TOI sample provided by the
TESS mission. It should be noted that we did not
include any uncertainties related to TOI parameters,
which in some cases may provide a deciding factor re-
garding the disposition of the planet candidate as ter-
restrial or gas giant. However the most significant effect
is seen in the S/N values calculated using Equation 1,
as the propagation of error through this equation re-
sults in large uncertainties in the estimated S/N of TOI
planets. We have also made several minor assumptions
in the temperature-mass relationship used to plot the
VZ, including requiring the stars used to develop the
relationship to be 4 Gyrs of age, and to have a [Fe/H]
metallicity between -0.1142 and 0.0142 dex (Section 2.4).
These constraints have the potential to cause the VZ
boundaries shown in Figure 3 to change slightly. How-
ever, our estimate on the total number of Venus analogs
in the Huang yield and TOI list were made without the
use of these relationships. The stellar mass and tem-
perature relationship was only needed to plot the VZ in
reference to stellar temperature, and the T-band and J-
band magnitude relationship was only used to calculate
TSM values.
The effects these uncertainties have on the labeling of
planets as terrestrial or gaseous help promote the need
for more precise measurements of stellar radii, especially
for fainter stars. Our analysis of a planet is based on the
extent to which we can constrain the properties of the
host star. When it comes to observing a planet via the
transit method, uncertainties in the stellar radius are
exaggerated when attempting to constrain the radius of
the planet. This will ultimately affect the target selec-
tion process, as we may avoid follow-up observations for
many planets we assume to be gaseous but are in fact
terrestrial.
5. CONCLUSIONS
In this paper we have presented new results on the
expected frequency and follow-up prospects of poten-
tial Venus analogs discovered by TESS. Our analysis
of predicted TESS yields shows that the TESS mission
is expected to produce ∼300 Venus analogs, while the
TOI list from observations of sectors 1–13 contains 46
Venus analogs. We applied Equation 1 to these poten-
tial Venus analogs and found that several of the Huang
yield and TOI exo-Venuses have S/N greater than 20,
making it likely that absorption features would be ob-
served in their atmospheres (Figure 5). Finally, we used
the Huang yield to update the S/N cutoff values devel-
oped by Kempton et al. (2018), which are to be used to
prioritize TESS planets for follow-up transmission spec-
troscopy observations (Table 1).
The study of exoplanet analogs of Venus necessitates
a collaboration of exoplanet transmission spectroscopy
observations with Venusian science (Kane et al. 2014).
Refined measurements of the atmosphere of Venus, from
the upper layers down to the surface, are essential as
the transparency of the upper atmosphere is the only
observable portion of the atmosphere from which condi-
tions within the deeper atmosphere and at the surface
may be inferred (Ehrenreich et al. 2012). It will be dif-
ficult to detect an unambiguous Venus analog (Barstow
et al. 2016a), however observations of an inflated atmo-
sphere could hint to a planet transitioning into a run-
away greenhouse state (Turbet et al. 2019), and trace
atmospheric constituents can be used to infer its cli-
mate using a 3-D GCM. ROCKE-3D (Way et al. 2017)
is a GCM which has proven to be capable of depicting a
Venus-like climate (Way et al. 2018; Kane et al. 2018),
and will be a crucial tool in our attempt to characterize
exo-Venuses (Wolf et al. 2019). These models will ulti-
mately create a diverse set of exo-climates, which will
give statistical insight into the likelihood of a terrestrial
planet becoming more Earth- or Venus-like, as well as
refining the location of the runaway greenhouse bound-
ary, and ultimately the VZ and HZ as a whole.
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demonstrating discrepancies in the predicted yield for certain planet size regimes.
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